Abstract-The problem of tsunami wave runup on a beach is discussed in the framework of the rigorous solutions of the nonlinear shallow-water theory. We present an analysis of the runup characteristics for various shapes of the incoming symmetrical solitary tsunami waves. It will be demonstrated that the extreme (maximal) wave characteristics on a beach (runup and draw-down heights, runup and draw-down velocities and breaking parameter) are weakly dependent on the shape of incident wave if the definition of the ''significant'' wavelength determined on the 2/3 level of the maximum height is used. The universal analytical expressions for the extreme wave characteristics are derived for the runup of the solitary pulses. They can be directly applicable for tsunami warning because in many cases the shape of the incident tsunami wave is unknown.
Introduction
The reliable estimation of inundation extent is a key problem of coastal wave dynamics, and in particular for tsunami mitigation. Since the characteristic length of a tsunami wave in the coastal zone is several kilometers, the nonlinear shallow water theory is an appropriate theoretical model to describe the process of tsunami runup on a beach. The problem of the runup of long non-breaking waves on a plane beach is well described mathematically within the framework of a nonlinear shallow water theory. This approach leads to an analytical solution based on the Carrier-Greenspan transform (CARRIER and GREENSPAN, 1958) . Various shapes of the periodic incident wavetrains such as the sine wave (KAISTRENKO et al., 1991; MADSEN and FUHRMAN, 2008) , cnoidal wave (SYNOLAKIS, 1991) and nonlinear deformed periodic wave (DIDENKULOVA et al., 2006 (DIDENKULOVA et al., , 2007b have been analyzed in the literature. The relevant analysis has also been performed for a variety of solitary waves and single pulses such as soliton (PEDERSEN and GJEVIK, 1983; SYNOLAKIS, 1987; KÂ NOG LU, 2004) , sine pulse (MAZOVA et al., 1991) , Lorentz pulse (PELINOVSKY and MAZOVA, 1992) , Gaussian pulse (CARRIER et al., 2003; KÂ NOG LU and SYNOLAKIS, 2006) , N-waves (TADEPALLI and SYNOLAKIS, 1994) , ''characterized tsunami waves' ' (Tinti and Tonini, 2005) and the random set of solitons (BROCHINI and GENTILE, 2001) . As is often the case in nonlinear problems, reaching an analytical solution is seldom possible. Runup of solitary pulses is, however, often easily implemented experimentally in measuring flumes, and various experimental expressions are available ( see MADSEN and FUHRMAN, 2008 for references) .
The existing results for the water wavefield are based on various initial conditions (shapes of the incident waves) and are therefore not directly comparable with each other. Sometimes, the shape of the incident wave is unknown, and this situation is typical for tsunamis. To get universal expressions for runup characteristics several parameters can be used. MADSEN and FUHRMAN (2008) suggest expressing the formula for runup height in terms of a surf-similarity. These expressions are applicable for nonbreaking waves on a plane beach and for breaking waves as well. DIDENKULOVA et al. (2007a DIDENKULOVA et al. ( , 2008 parameterize runup expressions using various definitions of the wavelength of nonbreaking wave pulses. In this study we demonstrate that the definition of wavelength on the 2/3 level from a maximal value (as the ''significant wavelength'' in physical oceanography and ocean engineering) is optimal. In this case formulas for various extreme runup characteristics (runup and draw-down heights and velocities, breaking parameter) are universal and the influence of the initial wave form on extreme runup characteristics is weak. This result is obtained for incident symmetrical solitary waves.
The paper is organized as follows. The analytical theory of long wave runup on a beach in the framework of shallow-water theory is briefly described in section 2. Numerical computations of the tsunami waves far from the beach and on the shoreline, based on spectral Fourier series are presented in Section 3. The parameterization of wave shapes in formulas for the extreme (maximal) wave characteristics on a beach is discussed in section 4. The main results are summarized in section 5.
Analytical Theory of the Long-Wave Runup on a Beach
The runup of tsunami waves on a beach can be described in the framework of the nonlinear shallow-water equations. If the wave propagates perpendicularly to the isobaths, basic equations are,
where g(x, t) is the vertical displacement of the water surface, u(x, t) is the depthaveraged water flow, h(x) -unperturbed water depth, and g is the gravitational acceleration. Analytical solutions of this system are obtained for a plane beach only,
